Iron and manganese superoxide dismutases are phylogenetically closely related. They are compared by in silico analysis with regard to their metal specificity and their three-dimensional structure. Special attention is given to the structure and properties of superoxide dismutases from archaeal prokaryotes. The mechanism and the extreme thermostability of superoxide dismutase from Sulfolobus acidocaldarius are discussed on the basis of its high-resolution X-ray structure. An alternating-site mechanism and an evolutionary origin of superoxide dismutases under the environmental conditions on the early Earth are proposed.
Introduction
Oxidative stress to cells results from the presence of radicalforming oxygen species. The superoxide radical anion O 2
•− is one of these, and can initiate a chain reaction leading to a number of organic radicals which may affect the integrity of lipids, proteins or nucleic acids. Effective defence mechanisms have evolved, including a reductive pathway via superoxide reductases [1, 2] and disproportionation by SODs (superoxide dismutases). Both of these enzymes are metalloproteins, and the SODs display a broad variety with respect to the catalytically active metal species. Four different types of metal centres have been detected in SODs, dividing this family into Cu/Zn-, Ni-, Mn-and Fe-SODs. Ni-dependent enzymes have only been described from Streptomyces species [3, 4] . Cu/Zn-SODs are widely distributed in the cytosol and periplasm of prokaryotes [5, 6] as well as in eukaryotes [2, 7, 8] . The Fe and Mn types are found predominantly in prokaryotes and mitochondria (the evolutionary descendants of the former); they are closely related with regard to three-dimensional structure and amino acid sequence. The general mechanism of disproportionation is described by the following reaction sequence:
where M stands for metal.
In silico analysis
The first SOD to be isolated from an archaeon was predicted to be a Mn enzyme on the basis of its gene-derived amino acid sequence [9] . However, EPR spectroscopy reKey words: archaea, phylogeny, structure, superoxide dismutase, thermostability. vealed it unequivocally to be an Fe-containing SOD [10] . It belongs to a large family of archaeal Fe-and Mn-SODs that have now been compared with each other and also with a vast number of enzymes from other prokaryotic and eukaryotic sources. Multiple sequence alignments could not differentiate decisively between Fe-and Mn-SODs, especially as the pattern and type of metal binding residues are absolutely identical. A short N-terminal stretch (LPXL-XYXYXXLEPH) and the C-terminal metal binding motif (DVWEHXYY; residues in bold are those that co-ordinate the metal ion) are more precisely conserved within the Mnthan within Fe-SOD families. Absolutely conserved in both types is a tyrosine residue at the N-terminal metal binding site (HX 8 Y). A proposal that a Q/G transposition [11, 12] located near this tyrosine residue distinguishes between Feand Mn-SODs does not apply to the archea or generally. In several of these SODs the glutamine is replaced by a histidine. A sequence-based distance matrix, however, produces a phylogenetic tree ( Figure 1 ) that clearly separates the cluster of archaeal from other prokaryotic Fe-and Mn-SODs and demonstrates a more distant cluster of the Cu/Zn enzymes. The latter may be considered as an outgroup, whereas the short distances between branch points of the Fe-and MnSODs suggest a common phylogenetic origin, and likely frequent horizontal gene transfer during early evolution. Within the major archaeal domain, the Fe-SODs are descendants from a common root. Surprisingly, the Fe-SODs of the genera Aquifex and Thermoplasma form a separate cluster comprising members of both eubacteria and archaea.
Archaeal Fe-SODs
Archaeal Fe-SODs have been purified to homogeneity from Sulfolobus acidocaldarius (SaSOD) [10] , S. solfataricus [13] and Acidianus ambivalens [14] . All have unusual properties. SaSOD was isolated as an active dimer which can be easily transduced into a tetramer, the likely form in vivo, as also found in the crystals. It shows a structured peak in the UV spectrum centred at 280 nm, and an EPR spectrum typical of All known archaeal SODs have been included. Sequence data were extracted from publicly accessible data bases. The multiple alignments and tree construction were conducted using CLUSTAL [40] . a rhombic high-spin iron centre of S = 3/2 with g x,y,z = 3.851, 4.115, 4.412; a ground state signal at g = 9.414 is only sparsely populated at 20 K. The specific activity of 3000 units/mg at room temperature is extremely high, and its temperature stability is remarkable. No loss of activity was observed after 24 h at 95
• C [10] . Even after 72 h in 6 M guanidinium chloride, 67% of the activity was retained, and protease treatments had almost no effect. Differential scanning calorimetry showed that irreversible melting of the structure occurred only at a T m (melting temperature) of 125
• C. This is approx. 40
• C above the optimal growth temperature of this hyperthermophilic organism. Surprisingly, Fe-SOD from A. ambivalens displays even greater conformational stability, with an apparent T m of 129
• C measured by differential scanning calorimetry [14] . To our knowledge this is the highest T m of a protein to be measured directly so far (Figure 2 ). This SOD can be recombinantly overproduced, allowing production in different metal ion environments. It was found that Co, Ni, Mn or Cu could be introduced, replacing the natively selected iron. The highest incorporation was obtained with Co (0.85/monomer) and Mn (0.58/monomer), whereas low incorporation was observed with Ni (0.21/monomer) and Cu (0.05/monomer). These hybrid enzymes still contained some Fe (0.07-0.28/monomer); all substituted SODs were catalytically inactive, however. The EPR spectra of metalsubstituted enzymes (except for the EPR-silent Ni 2+ and Mn 3+ ) showed a characteristic axial Cu signal and a eightline hyperfine split of the Co signal at 10 K with (g ⊥ ) = 4.5 and g = 2.9, and an anisotropic hyperfine coupling constant A = 10.6 mT due to the I = 7/2 nuclear spin. Since the respective radii of the metal ions (0.69-0.80 Å as Me 2+ ) would allow them to be positioned in the active site without significant conformational constraint, we assume that impaired redox potentials may cause enzymic inactivity. In contrast with catalytic activity, the extreme thermostability was not influenced by metal substitution. Thermal unfolding showed monotonic kinetics in all cases, without any indication of a pretransition, but was irreversible, resulting in aggregation and precipitation, as also observed with other hypothermophilic enzymes [15] [16] [17] . Interestingly, an antiserum against SaSOD cross-reacted with several other archaeal Fe-SODs, but not with known or putative Mn-containing enzymes. 
Structure and mechanism
From high-resolution X-ray diffraction of SaSOD, a structural basis for its unusual thermostability was derived by comparison with other thermophilic SODs [18] . SaSOD crystallizes as a tetramer which in essence is a double dimer, because the interaction within a dimer pair appears to be closer than that between the two dimer pairs. The overall monomer structure closely resembles that of other Fe(Mn)-SODs listed in the Brookhaven databank. Superposition of the active site with that of Escherichia coli Fe-SOD shows practically identical positions in space of the metal coordinating atoms. The iron is co-ordinated by His-33, His-84, His-174, Asp-170 and a hydroxyl ion. The ligands form a distorted trigonal bipyramid, with His-33 and the hydroxyl ion in the axial positions. The bond lengths and angles between Fe and its ligands fit very well with values reported for SODs from Thermus and Aquifex [19, 20] . Binding of the inhibitor azide (replacement of the native substrate) or a change in pH was shown for SODs from Propionibacterium shermanii and E. coli [21, 22] to transform the trigonal bipyramidal co-ordination sphere of the penta-co-ordinated Fe to octahedral hexa-co-ordinated Fe. In SaSOD, His-155 (substituting for Glu-69 in E. coli Fe-SOD) is in a position to facilitate such reversible changes, which might also be coupled with the change in the Fe redox state in the course of the reaction. Whereas in crystallized native SOD all iron atoms are present as penta-co-ordinated high-spin Fe 3+ , this may be different in the working functional dimer of the enzyme, with one of the irons assuming the reduced Fe 2+ state, while O 2 is released simultaneously. This type of an alternating-site mechanism may be facilitated by the obvious conformational communication between the two catalytic centres. The Fe ligand His-174 of either chain in the dimer interacts directly with Glu-173 of the adjacent chain. The distance between the iron centres of the two monomers is approx. 18 Å , whereas the Fe-Fe distance to the second dimer pair in the tetramer is 33.5 Å . The substrate channels are situated near the interface of each dimer pair and contain a strictly conserved tyrosine (Tyr-41 in SaSOD). This residue is assumed to play a 2-fold role as a donor of a H + ion to facilitate dissociation of O 2− formed in the second reaction step, and as a ligand to solvent molecules in the channel and at the active site [23] .
The remarkable thermostability of SODs, including Fe, Mn and Cu/Zn enzymes, is surveyed in Table 1 . Earlier structural comparisons showed that the thermostability of proteins cannot be explained by a unique mechanism. Contributions may arise from an increased number of ion pairs [24] [25] [26] [27] , optimization of hydrophobic interactions [28] , the formation of higher oligomers [29, 30] , or an increase in the number of hydrogen bonds and the resulting hydrogenbond networks [11, 31, 32] . While intrasubunit ion pairs and hydrogen bonds differ insignificantly from those in other thermostable SODs, the number of intersubunit ion pairs is increased significantly in the SaSOD tetramer to 20, compared with four in SODs from Thermus thermophilus or the mesophilic Mycobacterium tuberculosis [18] . Whereas only 48 intersubunit hydrogen bonds are present in the latter SOD, 104 are found in the extremely thermostable SaSOD and 88 in the SOD of the hyperthermophile Aquifex pyrophilus. An additional parameter is the tight packing of SaSOD, with more hydrophobic residues being buried in the core of the tetramer than in less thermostable enzymes, whereas the polar accessible surface area is increased simultaneously. An ideally stable protein with perfectly optimized hydrophobic interactions would be a micelle-like structure. In SaSOD, the destabilizing interaction of water molecules with hydrophobic groups on the surface is indeed greatly decreased, which may represent the most obvious reason for its unusual thermostability. Analogous principles apply presumably to the even more thermostable SOD of A. ambivalens [14] and also the SOD of S. solfataricus [33] , due to their high sequence identity with SaSOD.
Evolutionary and mechanistic aspects
The abundance of SODs in various organisms is positively correlated with their oxygen exposure [34] , as well as with their growth temperature. Mesophilic organisms express upon heat treatment not only heat-shock proteins but also higher amounts of SOD [35, 36] . The highest cytosolic levels are found in obligate aerobes. In the hyperthermophilic archaeon S. acidocaldarius, a 2 h half-life of SOD mRNA has been found, one of the highest ever observed [37] . • C above the optimal growth temperature of the organisms. This, together with the narrow phylogenetic branching distances, suggests a common evolutionary origin. Moreover, it points to an origin under the conditions of the early Earth, i.e. a hot environment [38, 39] . Their high T m values (Table 1) imply, however, that these enzymes in their respective parent organism exist in 'quasi-frozen' state, unlikely to require any large-scale conformational changes in the course of the reaction cycle. SODs may in fact act as a kind of solid-state catalyst, just as an intermediate electron store at the metal centre. Such a catalyst can display high activity over a broad range of temperatures, which is in line with the finding of high turnover with SODs from hyperthermophiles even at room temperature. Therefore SODs may be considered as really archaic proteins that were present in the earliest organisms. No obvious evolutionary pressure was put on these enzymes for adaptation to the moderate temperatures of mesophilic life styles. In this respect, it would be of interest to investigate the structure and properties of SODs from cold-adapted psychrophilic organisms as a comparison.
